JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. abstract: Bergmann's rule predicts a decrease in body size with increasing temperature and has much empirical support. Surprisingly, we know very little about whether "Bergmann size clines" are due to a genetic response or are a consequence of phenotypic plasticity. Here, we use data on body size (mass and tarsus length) from three long-term ) study populations of great tits (Parus major) that experienced a temperature increase to examine mechanisms behind Bergmann's rule. We show that adult body mass decreased over the study period in all populations and that tarsus length increased in one population. Both body mass and tarsus length were heritable and under weak positive directional selection, predicting an increase, rather than a decrease, in body mass. There was no support for microevolutionary change, and thus the observed declines in body mass were likely a result of phenotypic plasticity. Interestingly, this plasticity was not in direct response to temperature changes but seemed to be due to changes in prey dynamics. Our results caution against interpreting recent phenotypic body size declines as adaptive evolutionary responses to temperature changes and highlight the importance of considering alternative environmental factors when testing size clines.
Introduction
The effects of increase in the global temperature are widespread and diverse, influencing numerous traits in many different taxa (reviewed in Parmesan 2006) . One such trait is morphology, and many studies have found that as global temperatures have increased, body size in many bird (e.g., Johnston and Selander 1964; Teplitsky et al. 2008 ) and mammal (e.g., Millien 2004 ) species has declined. These declines have been suggested to be an adaptation to increasing temperatures and have caused a renewed interest in Bergmann's rule, which states that within a genus of endothermic vertebrates, species occupying warmer geographic regions are smaller than species occupying colder regions (Bergmann 1847; Mayr 1956 ). Although originally formulated to explain large-scale patterns, Bergmann's rule has since been modified to also concern changes within populations (Mayr 1956 ). The rule has received much empirical support (Johnston and Selander 1964; Millien and Damuth 2004; Teplitsky et al. 2008) , although there are also several examples where no temperature-size clines have been found (e.g., Adams and Church 2008 ).
Bergmann's rule has been demonstrated over a wide range of temporal scales. For example, Smith et al. (1995) used fossilized fecal pellets of the bushy-tailed wood rat (Neotoma cinerea) to show that body size had changed with temperature fluctuations during the past 25,000 years, whereas Teplitsky et al. (2008) showed a declining body size over the past 47 years in red-billed gulls (Larus novaehollandie scopulinus) .
Despite the many convincing examples of phenotypic trends supporting Bergmann's rule, there is surprisingly little known about the underlying mechanisms giving rise to such temperature-size clines, although they are often interpreted as an evolutionary adaptation to conserve heat loss in cold climates (or dissipate heat in warm climates). Whether these body size clines are caused by an evolutionary adaptation, which assumes that genetic change has taken place, or are due to a phenotypic response (i.e., plasticity) to temperatures is not generally known (Partridge and Coyne 1997) . Studies that have addressed the question of whether size clines are due to environmental or genetic reasons have found support for both cases (Laugen et al. 2005; Teplitsky et al. 2008) .
The importance of explicitly considering genetic change is highlighted by some recent empirical studies that have shown that a phenotypic change need not be mirrored at the genetic level (see review by Gienapp et al. 2008) or may even be in the direction opposite the observed genetic change (e.g., . Clearly, support for evolutionary change must come from demonstrating that a genetic change has taken place. Unfortunately, this is no easy task, and it has, in the past, often required an experimental approach (e.g., Laugen et al. 2005) . More recently, the increased application of the animal model (Henderson 1950; Kruuk 2004) in natural populations has opened the possibility that researchers can address this question using longitudinal data within a quantitative genetic setting by examining temporal changes in mean breeding values over time, which can be taken to represent a genetic change (Kruuk 2004; Hadfield et al. 2010) , thereby allowing a test of whether phenotypic changes are of genetic origin or due to plasticity.
Bergmann developed his observation only in the context of thermoregulation, and hence Bergmann's rule deals explicitly with body size-temperature clines (Bergmann 1847; Watt et al. 2010) . It is important to point out, however, that there are many different selection pressures influencing body size in addition to that of adaptation to external temperatures (Mayr 1956 ). Factors such as food availability (McAdam and Boutin 2003) and population density (Damuth 1981 ) are known to lead to changes in body size-related traits (such as body mass or tarsus length) in many species, and changes in environmental factors that covary with but are not causally related to temperature may therefore erroneously give support for Bergmann's rule.
Our goals in this study were to provide insight into the mechanisms behind Bergmann's rule and to explore the temporal phenotypic and genetic patterns in adult body mass and tarsus length in three long-term study populations of great tit (Parus major) in the Netherlands. According to Bergmann's rule, we predicted that great tits would have become smaller over time because of the recent increase in both yearly mean temperature ( fig. 1 ) and spring temperature (Husby et al. 2010) . Thus, we examined first whether adult body mass and tarsus length had changed significantly over the study period and second whether there had been changes in selection pressure over time. However, as there must also be a heritable basis of traits for there to be a response to selection, we next examined the quantitative genetic basis of adult body mass and tarsus length in our populations. We then explicitly tested whether the observed phenotypic changes over time were due to microevolutionary change. Finally, we used information from a range of different environmental measures to try to disentangle what environmental factors were most important in driving the observed phenotypic changes.
Material and Methods
Study Species, Study Area, Field Procedures, and Data Great tits are small (14-22 g), insectivorous passerines distributed throughout most of Europe and some parts of Asia (Gosler 1993) . The data used in this study were collected from three different populations in The Netherlands-Hoge Veluwe (HV), Oosterhout (OH), and Vlieland (VL)-as part of an ongoing long-term study started in 1955 (van Balen 1973 . Systematic collection of adult body mass data, however, started only in the late 1970s, and thus we restricted our analyses to individuals that were caught between 1979 and 2008. For more details about the study populations, see van Balen (1973) .
In all areas, nest boxes were visited at least once every week during the breeding season (April-June), and when the young were 7-10 days old (10-15 on VL), all chicks were ringed, the parents were caught on the nest with a spring trap, and measurements were taken. All adult body mass measurements were taken to the nearest 0.1 g with a Pesola spring balance, and tarsus length was measured to the nearest 0.1 mm with a sliding calliper. Parents already ringed were identified, and unringed (immigrant) birds were given a metal ring with a unique number for subsequent identification. For more information about the traits and populations used in this study, see table 1.
Because variation in adult body mass is influenced by a large number of different factors (e.g., time of day when bird was caught, breeding status, age) that could potentially bias our results, we included only measurements of adult breeding birds (i.e., adults caught during chick feeding; see above) that were caught between 0650 and 2100 hours during the breeding season and had not been subject to manipulation. In addition, we corrected body mass for a number of fixed effects to ensure that temporal changes in body mass were not due to, for example, changes in measurement technique over the study period (see table  2 ).
Population-Level Trends
Bergmann's rule relates to the overall "size" of an animal, and as in many other studies Teplitsky et al. 2008) , we used body mass and tarsus length as proxies for overall body size. Both adult body mass and tarsus length were normally distributed (visual inspection of data, including repeated records). We used linear mixed models to test for temporal change in adult body mass and tarsus length. Individual identity and year were included as random effects in all analyses.
Our goal was to study the within-population temporal changes in adult body mass and tarsus length, and we therefore performed a separate analysis for each population. However, we also included all three populations in one global model and tested for between-population differences in temporal trends.
ASReml-R, version 2.0 (Gilmour et al. 2006) , was used to fit all linear mixed models. Statistical significance of fixed effects was assessed from their conditional Wald Ftest statistics to respect principles of marginality. Because there seemed to be substantial nonlinear changes in body mass and tarsus length over time (see figs. 2, 3) and such nonlinearity has been documented in other cases , we also tested for nonlinearity in the temporal trends, using generalized additive models implemented in the mgcv library (Wood 2006) in R 2.8.1 (R Development Core Team 2007), using year as the smoothing parameter (see Salewski et al. 2010) .
Selection Analysis
We estimated fecundity selection on each trait in each population separately, using the yearly number of offspring that an individual recruited to the breeding population ("recruited" means that an offspring was recorded as a breeding bird in the population in years after its year of birth) as an estimate of fitness, as it is only offspring that recruit to the breeding population that contribute to any selection response. Similarly, viability selection was estimated with local survival defined as 1 if the individual survived to the next breeding season and 0 if it did not survive. For each population, we conducted year-specific analysis (excluding 2008 because data for the 2009 season were not available at the time of analysis) by standardizing each trait (adult body mass and tarsus length) to have zero mean and unit variance (thus creating z scores) within each year and population. In the fecundity selection analyses, yearly fitness values (number of recruits) were divided by the mean number of recruits produced in the given year and population to give relative fitness scores (q) for each individual. For the viability selection analyses, we used the survival information directly.
Standardized selection gradients (b) for adult body mass and tarsus length were measured with a least squares regression technique as the regression slope between relative fitness and standardized trait values (Lande and Arnold 1983) . Because relative fitness (q) and survival do not follow a Gaussian distribution, inferences from a least squares regression will be unreliable, and we therefore assessed statistical significance of the standardized selection gradients with a generalized linear mixed model (GLMM; log link function for fecundity selection analyses and binomial link function for viability selection analyses), including individual identities as random effects to account for repeated measurements on individuals. Yearly standardized selection gradients and their standard errors and significance levels (as estimated from the GLMM analysis) are available at Dryad (http://dx.doi.org/10.5061/dryad .8989: tables A1 and A2 for fecundity selection analysis of adult body mass and tarsus length, respectively, and tables A3 and A4 for viability selection analysis of adult body mass and tarsus length, respectively).
We also tested for temporal change in selection pressure by regressing annual standardized selection gradients against year with a least squares regression. The least squares regression analyses were performed in R 2.8.1 and the GLMM analysis in ASReml-R (Gilmour et al. 2006) . All tests were two-tailed, with a significance threshold of . P p .05
Pedigree
We reconstructed a pedigree based on social information (i.e., from field observations), and so the pedigree can contain errors through the paternal line (due to extrapair paternity [EPP] ). Although the rate of EPP is unknown in the HV and OH populations, it has been estimated to be as low as 3.5% extrapair young in the VL population (excluding one nest in which all offspring were sired by an extrapair male; Verboven and Mateman 1997) . Furthermore, there is no reason to expect the EPP levels to be higher in the HV and OH populations, because it is also generally low in other populations of great tits (e.g., Lubjuhn et al. 1999 ). At such low levels, EPP has only a negligible effect on the estimated additive genetic variance component, and thus on heritability estimates, when samples are as large as those in this study (Charmantier and Reale 2005) . Some chicks were cross-fostered, in which case we used the genetic parents rather than the social parents in the pedigree. To preserve sibship information and maximize pedigree information, we dummy-coded parents whenever information about either the male or the female was missing. Note that because of the very low EPP rate, this is very unlikely to create any bias.
The pedigree for the HV population had a total of 3,460 individuals, with a mean relatedness of , 1,139 Ϫ4 4.45 # 10 maternities, 1,125 paternities, 609 full siblings, 247 maternal half-sibs, and 232 paternal half-sibs, and it spanned a maximum of 16 generations. The OH population pedigree had a total of 1,062 individuals, with a mean relatedness of , 589 maternities, 559 paternities, 385 Ϫ3 4.5 # 10 full siblings, 307 maternal half-sibs, and 156 paternal halfsibs, and it spanned a maximum of 18 generations. Finally, the pedigree of the VL population had a total of 3,686 individuals, with a mean relatedness of , 2,661 Ϫ3 7.54 # 10 maternities, 2,615 paternities, 2,077 full siblings, 1,208 maternal half-sibs, and 1,073 paternal half-sibs, and it spanned a maximum of 40 generations. Pedigree statistics were obtained with the R package pedantics (Morrissey and Wilson 2010) .
Quantitative Genetic Analyses
To separate environmental and genetic sources of variation in body mass and tarsus length, we used a residual maximum likelihood mixed model ("animal model"). Animal models use information about pairwise relatedness between all individuals in the population to partition the phenotypic trait variance into its additive genetic variance component and its environmental (and other nongenetic) variance components (Henderson 1950; Lynch and Walsh 1998; Kruuk 2004 ).
Because we have repeated measures on the same individuals in different environments, we also estimated the permanent environment effect, that is, the within-individual variance associated with environmental effects (or nonadditive effects such as dominance or epistasis; Kruuk 2004) . Year was included as a random effect to account for temporal heterogeneity in environmental effects on the phenotypes. Note that year was also included as a covariate in all animal-model analyses to avoid bias in the breeding values toward the phenotypic trend (Postma 2006) . Traitspecific fixed effects that were significant in the phenotypic analysis were included in the animal-model analyses (see  table 2 ).
Thus, after correction for the fixed effects mentioned above, our animal models partitioned the phenotypic variance (V P ) in adult body mass and tarsus length into four components: (Houle 1992) . To examine whether there had been a genetic change in population composition over time, we assessed the significance of the temporal change in breeding values from the posterior distribution of change in breeding values over time, using a Bayesian Markov chain Monte Carlo (MCMC) animal-model approach . We included the same fixed effects and random effects as described under the animal-model analysis, and we used weakly informative priors set to one-fourth of the phenotypic variance. The models were run for a minimum of 40,000 iterations, with a burn-in phase of 10,000 iterations. Mixing of the chains was assessed manually by visual inspection, and the number of iterations was increased to achieve proper mixing.
All animal models were run in the software ASReml, version 2.0 (Gilmour et al. 2006) . The Bayesian MCMC animal models were run in R with the MCMCglmm package (Hadfield 2010) .
Environmental Variables
Because many environmental factors may contribute to the selection pressure on body size (Mayr 1956 ), we collected information about a range of different environmental variables known to be important biological factors in our populations: beech crop index (Perdeck et al. 2000) , date of the caterpillar peak (Visser et al. 2006) , synchrony between the date of the caterpillar peak and the mean laying date (Visser et al. 2006) , temperature during February-March as a proxy for winter severity (Perdeck et al. 2000) , yearly mean temperature, and finally, population density (measured as number of breeding pairs). Unfortunately, information on beech crop index, date of caterpillar peak, and synchrony (the difference between the date of the caterpillar peak and the yearly mean laying date) was available only for the HV population from 1985 onward (see Visser et al. 2006; Husby et al. 2009 ), and thus we had to restrict our analysis to the HV population and the years 1985-2008. We included adult body mass (and tarsus length) as response variables in a linear mixed model, with the above environmental factors included as explanatory variables and individual identity as a random effect to account for repeated measures on the same individuals. All environmental variables were mean centered before analysis, and statistical significance was assessed by the conditional Wald test statistics in ASReml-R (Gilmour et al. 2006) . 
Results

Population-Level Trends
Fecundity Selection Analyses: Adult Body Mass
Across the study period, there was overall positive directional selection on adult body mass in the HV (b p Note: HVp Hoge Veluwe, OH p Oosterhout, and VL p Vlieland. The estimate of the mean (b) of the posterior distribution of estimated genetic change and its 95% confidence interval (CI) are given. There was no indication of a significant genetic change over time in any of the traits for the three populations.
Quantitative Genetic Analyses: Testing for Microevolution
The observed phenotypic decline in adult body mass in the three populations and the increase in tarsus length in VL could be either due to a genetic change or a result of phenotypic plasticity. We therefore tested explicitly for genetic change by using Bayesian animal models and assessing the posterior distribution of the change in breeding values over time ). There was no indication that the breeding values for adult body mass or tarsus length changed significantly over the study period in any of the three study populations (see table 4), and the sign of the genetic change was, furthermore, the opposite of that of the phenotypic change. Hence, the observed phenotypic changes were not due to evolutionary change but rather were a result of a plastic adjustment to changing environmental conditions.
Exploring Environmental Variables Causing the Phenotypic Decline
Plastic adjustment of body mass (and tarsus length in VL) could be in response to increased temperature but could also be in response to other environmental factors. We therefore explored how variation in adult body mass and tarsus length was influenced by a number of different environmental factors. We found that, after model reduction, density had a negative effect on adult body mass (b p , , , , the decline in adult body mass is most likely due to a change in food conditions and the associated increase in mistiming (see "Discussion"). We found that none of the environmental variables examined had an effect on tarsus length (all ). P 1 .14
Discussion
Few studies have examined whether temporal changes in body size in relation to increased temperatures (Bergmann's rule) are of genetic or environmental origin or both. Here we have provided a detailed analysis of the causes of phenotypic changes in adult body mass and tarsus length in three long-term study populations of great tits in relation to the recent increase in temperature ( fig.  1 ). In common with many other recent studies examining the effect of increased temperatures on body size (Millien 2004 ; but see Teplitsky et al. 2008; Salewski et al. 2010) , we found that adult body mass declined over the study period ( fig. 2) . Contrary to most studies examining Bergmann's rule, we disentangled the phenotypic trend and showed that this decline was not due to microevolutionary change but was a result of phenotypic adjustment (plasticity). This plasticity could be in response to the increase in temperatures or to other environmental factors. Interestingly, we did not find that temperature had a strong influence on body mass; instead, increased mistiming between the peak in food abundance and the chick-rearing period was the more important factor driving the decline in adult body mass. Although our data are correlational and thus unable to separate cause and effect, our findings suggests that changes in food abundance are more important than temperature in explaining the observed size cline in these populations.
Temporal Changes in Body Size Traits
Adult body mass declined significantly in all three populations over the 30-year period, and our results are thus in line with those of other studies that have found de-clining adult body mass during periods of increased temperatures (e.g., Smith et al. 1995; Teplitsky et al. 2008) . Two other studies of great tits have also reported a temporal decline in adult body mass, with decreases of 0.036 g/year over the period 1968 -2002 and 0.023 residual g/year (Cresswell et al. 2009 ). In comparison, the decrease in adult body mass found here was between 0.013 and 0.015 g/year. Although these figures are not easily comparable because different approaches were used to estimate the trends, they nevertheless illustrate the range of the rates of decline found. Also other, closely related species and species similar in size to the great tit, such as bullfinches (Pyhrulla pyhrulla), blue tits (Cyanistes caeruleus), and dunnocks (Prunella modularis) in Britain, show a decline of ∼0.014 (residual) g/year between 1968 and 2003 . As shown by , temporal changes in body size can show complex nonlinear patterns, and our additive models also confirmed this in our study populations for both body mass and tarsus length. Despite the large interannual variation in body size, there were still significant linear declines in body mass in all three populations, however; thus, overall, great tits have become smaller over the study period even though size fluctuated considerably.
For tarsus length, we observed an increasing size over time in the VL population, something that can be interpreted to support Allen's rule, which predicts that homeothermic animals in colder environments will have relatively smaller appendages than those in warm environments (Scholander 1955) . In contrast to Allen's rule, however, other studies have noted a decline in tarsus length with increasing temperatures (Yom-Tov 2001; Teplitsky et al. 2008) .
Selection Analysis
Characterizing patterns of selection on body size can provide important insights into the likelihood that "Bergmann clines" arise as a result of microevolutionary change, since, given a heritable basis of a trait, selection must act on the trait to produce a response. An evolutionary change is unlikely if there is no selection on the traits.
Although body size-related traits have been found to be under strong directional selection in many studies on birds , mammals (Milner et al. 1999) , and other taxa (Kingsolver et al. 2001) , there are also abundant examples where morphological traits are under no apparent selection (e.g., Schluter and Smith 1986; Jensen et al. 2004) . Selection thus must be measured in each case and not inferred from other studies. Here we found that there was, across all years, only weak positive fecundity selection on adult body mass in two populations (HV and OH; see table A1) and positive viability selection in the OH and VL populations (table A3) . Tarsus length was also under weak positive directional fecundity selection in the HV but not the OH and VL populations (table A2) and was under positive directional viability selection in the HV and VL but not the OH population.
These selection analyses highlight two things: first, selection was weak and inconsistent between years (tables A1-A4), and second, the direction of selection was opposite that of the phenotypic trends. This argues against the observed decline in body mass being a result of microevolutionary change.
Interestingly, there was some indication that selection on body mass had changed over the study period, with increasingly strong selection on body mass in the OH and VL populations but relaxed selection in the HV population. The temporal increase in strength of selection in the OH and VL populations contrasts with the observed phenotypic decline in body mass, and at present we do not have a good understanding as to why selection changed over the study period, although changes in the food dynamics seem a likely explanation (see below).
Heritability of Body Size Traits
The genetic basis of body size-related traits are well studied; heritability of morphological traits is generally moderate to high (for an avian review, see , and our results also fall within this range. Heritability of adult body mass varied from 0.43 to 0.49 (table 3) in our three study populations, and similarly, the heritability of tarsus length varied from 0.22 to 0.53 (table 3) .
Heritability estimates are often found to differ between populations of the same species, because of both genetic and environmental differences, and combined with different selection pressures in the different populations, heritability could help explain interpopulation variation in declines in body size. For example, in our populations, heritability of tarsus length was significantly different between areas (between HV and OH and between HV and VL; table 3), but in contrast, there were no significant population differences in heritability of adult body mass (table 3) .
Microevolutionary Change
Testing for microevolutionary change in longitudinal studies has generally been carried out with least squares linear regressions to regress mean annual estimated breeding values on year (e.g., ). However, it has recently been suggested that this approach is anticonservative because many of the assumptions of a linear regression are violated when predicted breeding values are used. This is because breeding values are not independent and because there is also a positive correlation across mean cohort breeding values (see Hadfield et al. 2010 for details). We therefore used the newly proposed alternative Bayesian animal-model framework implemented by Hadfield et al. (2010) to test for microevolutionary trends. These analyses showed no indication of a significant genetic change over time for adult body mass or tarsus length in any of our three study populations (table 4) . This lack of genetic change is perhaps not unexpected, given the inconsistent direction of selection acting on adult body mass and tarsus length over the study period (tables A1-A4). As the Bayesian methodology is a very recent approach, we also tested for microevolutionary change with the linear model approach using best linear unbiased predictions. In line with the findings of Hadfield et al. (2010) , these analyses showed a pattern contrasting with that found by the Bayesian approach, with significant genetic change for adult body mass in both the HV and VL populations (A. Husby, unpublished results). Using the "old" approach, we would thus have erroneously concluded that genetic change had taken place in these populations. We caution, however, that the Bayesian approach to estimate genetic change has not been validated with simulated data, and until this is done it is unclear to what extent and degree the Bayesian framework gives correct significance level. The lack of support for microevolutionary change indicates that the observed temporal changes in body mass and tarsus length (in the VL population) are due to a phenotypic adjustment to changes in the environment.
Exploring Environmental Variables Influencing Body Mass and Tarsus Length
Temperature is the selective agent responsible for the body size clines underlying Bergmann's rule (Stillwell et al. 2007 ), but it is unlikely to be the only explanation for Bergmann clines, as they have also been demonstrated in ectotherms, such as insects (Stillwell et al. 2007) , where the heat conservation argument does not hold. For example, in the seed-feeding beetle (Stator limbatus), body size clines were more related to variation in host plant seed size, moisture, and seasonality than to temperature variation (Stillwell et al. 2007 ). We also considered multiple environmental variables and did not find that temperature measured during the most severe winter months or annual mean temperature were significantly related to the decline in body mass. Density, time of the caterpillar peak, and the timing between laying date and caterpillar peak were instead stronger predictors of variation in adult body mass during the breeding season than were the two temperature measures. However, because density has not changed over the study period, this cannot explain the decline in adult body mass. This suggests, therefore, that adults have adjusted their body mass in relation to changes in food abundance during the breeding season (fig. 4) . Alternatively, if fledgling body mass has declined over time, as has been found in a different population of great tits (Garant et al. 2004) , there could be carryover effects to the adult stage. In our study populations, annual mean fledgling mass did not change in the HV and VL populations during the period 1979-2008 ( and 1.00 for HV and VL, respectively), but P p .39 it has declined in the OH population ( , b p Ϫ0.042 , , ). It is therefore likely 2 SE p 0.015 x p 6.90 P p .009 1 that the observed temporal decline in adult body mass in the OH population is due to a carryover effect of reduced fledgling mass caused by the increasing distance between timing of reproduction and the peak in food abundance (Visser et al. 1998) . Previous work has shown that fledgling mass declines strongly as mistiming increases (Visser et al. 2006) . This suggests that the decline in body mass in the OH population is not a result of direct adjustment to temperature, even if temperature is an important indirect factor causing the increase in mistiming.
For the HV and VL populations, however, the decline in adult body mass does not seem to be due to a carryover effect of decreasing mass at the fledgling stage but instead must be due to a change at the adult stage, presumably during the breeding season. To examine this in greater detail, we used data on body mass collected during roost inspections in winter (January-February) and tested for a temporal change in mass. If there has not been a decline in body mass during winter, this may indicate that the birds strategically alter their body weight during chick feeding in response to their work rate, which depends on their timing of reproduction relative to the food peak (Thomas et al. 2001) . In contrast, a temporal decline in body mass during the winter months suggests more long-term effects of the mistiming the birds face during the breeding season. We had sufficient data only from the HV and VL populations to test for decline in winter body mass, and the GLMMs showed no decline in the HV population ( . Thus, in the OH and VL populations, the 29.08 P ! .001 observed decline in body mass is to some degree also caused by factors outside the breeding season, whereas in the HV population, the decline seems to be taking place during the breeding season only, perhaps as a result of an increase in how hard the birds need to work to find food. These results imply that factors other than temperature are the main agents responsible for the observed decline in body mass in our great tit populations and, more generally, are in agreement with those of other studies that have found temperature to be of minor importance in determining body size clines (e.g., Stillwell et al. 2007) .
We conclude that the observed decline in body size in our study populations is not in direct response to an increase in temperature but is due to phenotypic plastic responses to changes in prey dynamics that have led to a decrease in fledgling weight as well as in adult weight. Our results highlight the importance of considering alternative environmental factors covarying with temperature when exploring size clines in the context of Bergmann's rule, and they provide an important example of how a detailed examination of phenotypic, genetic, and environmental patterns can disentangle the causes behind Bergmann's temperature-size clines.
